Arousal responses (AR) t o hypercarbia and t o hypoxia were ascertained i n 25 N-M SIDS i n f a n t s and 21 c o n t r o l i n f a n t s i n whom v e n t i l a t o r y responses t o hypercarbia and hypoxia were a l s o measured. Although the frequency o f a p o s i t i v e AR t o hypercarbia was n o t s i g n i f i c a n t l y l e s s i n the N-M SIDS compared t o c o n t r o l group, the o v e r a l l p a t t e r n was a g e n e r a l l y absent AR i n t h e lowest hypercarbic v e n t i l a t o r y response slope group progressing t o a g e n e r a l l y p o s i t i v e AR i n the highest hypercarbic response slope group. Among the 25 i n f a n t s having a p o s i t i v e hypercarbic AR, the Mean (+ SEM) PAC02 a t which arousal occurred was 48.5 + 1.6 i n N-M SIDS versus 42 + 1.2 mnHg i n c o n t r o l i n f a n t s (p 4 ,001). The o v e r a l l p a t t e r n for hypoxic AR was a l s o a g e n e r a l l y absent AR i n the lowest hypoxic v e n t i l a t o r y response slope group progressing t o a g e n e r a l l y p o s i t i v e AR i n the highest response slope group. Although the PA02 l e v e l a t which an AR occurred d i d n o t d i f f e r i n the two groups, a p o s i t i v e hypoxic AR occurred i n 76% o f t h e c o n t r o l versus o n l y 29% o f the NN-SIDS group p 4 0 1 I n summary, i n f a n t s w i t h a c l i n i c a l N-M SIDS h i s t o r y and diminished v e n t i l a t o r y response slopes have as a group a concomitant abnormality i n hypercarbic and/or hypoxic arousal.
INTRODUCTION
A r e s p i r a t o r y c o n t r o l d e f i c i t has been postulated for Sudden I n f a n t Death Syndrome (SIDS). I n i n f a n t s who have survived an episode of symptomatic sleep apnea and who have thus been c l a s s i f i e d as Near-Miss (N-M) SIDS, one o r more of the f o l l o w i n g d e f i c i t s i n r e s p i r a t o r y c o n t r o l have been reported: prolonged sleep apnea ( 5 ) , increased frequency of b r i e f i n s p i r a t o r y pauses ( l a ) , increased p e r i o d i c breathing ( 9 ) , diminished hypercarbic (17) and hypoxic ( 8 ) v e n t i l a t o r y response slopes.
Arousal from sleep, although n o t p r e v i o u s l y assessed i n N-M SIDS infants, i s a p o t e n t i a l l y important component o f t h e r e s p i r a t o r y c o n t r o l system. Indeed, i n f a n t s w i t h c e n t r a l h y p o v e n t i l a t i o n syndrome, i n whom the v e n t i l a t o r y response slopes are n e g l i g i b l e , tend not t o arouse from sleep regardless o f magnitude of the hypercarbic o r hypoxic stimulus. Since N-M SIDS i n f a n t s have a p a r t i a l v e n t i l a t o r y response d e f i c i t (8,17), we have hypothesized t h a t an arousal response (AR) d e f i c i t coexists i n N-M SIDS.
The following study i n N-M SIDS i n f a n t s and i n c o n t r o l i n f a n t s w i t h o u t sleep apnea was designed t o determine whether abnormal AR t o hypercarbia and/or hypoxia may be a fundamental abnormality i n N-M SIDS and t o assess the i n t e r -r e l a t i o n s h i p between AR and v e n t i l a t o r y response slopes.
MATERIALS AND METHODS
The study group consisted of 46 i n f a n t s i n whom hypercarbic and hypoxic v e n t i l a t o r y response slopes were a l s o measured (8). Twenty-five infants were diagnosed c l i n i c a l l y as N-M SIDS on the basis o f a t l e a s t one observed episode o f sleep apnea associated w i t h marked p a l l o r o r cyanosis and r e q u i r i n g a t l e a s t minimal s t i m u l a t i o n . The remaining 21 i n f a n t s c o n s t i t u t e d a c o n t r o l group c o n s i s t i n g o f f o u r asymptomatic i n f a n t s and 17 i n f a n t s r e f e r r e d f o r e v a l u a t i o n due t o a h i s t o r y o f awake apnea o r i n t e r m i t t e n t cyanosis, feedingr e l a t e d apnea o r o t h e r awake symptoms suggestive o f gastroesophageal r e f l u x (GER); none had any sleep-related apnea. GER was documented i n 44% of the c o n t r o l group, b u t none had any acute r e s p i r a t o r y symptoms suggestive of a s p i r a t i o n and a l l had normal roentgenograms. Arousal response r e s u l t s d i d n o t d i f f e r i n these two c o n t r o l groups and were t h e r e f o r e combined f o r a n a l y s i s .
Mean age ( + SEM) was 2.6 5 0.3 months i n the N-M SIDS group and 2.1 + 0.4 i n the c o n t r o i group, a difference which was n o t s i g n i f i c a n t .
As summarized i n a separate r e p o r t (8), hypercarbic v e n t i l a t o r y responses were performed w i t h steady-state normoxic breathing of 5% C02 and the hypoxic v e n t i l a t o r y responses were obtained as the FIO2 was progressively decreased t o 0.15.
A l l i n f a n t s were evaluated during non-REM sleep as determined by standard behavioral c r i t e r i a and a s t a b l e r e s p i r a t o r y p a t t e r n . No attempt was made t o maintain eucapnea during the hypoxic responses. A nasal pneumotachograph was u t i l i z e d f o r volume measurement and a mass spectrometer f o r measurement of e n d -t i d a l (A) PC02 and PO2. The v e n t i l a t o r y responses t o hypercarbia and hypoxia were l i n e a r and were therefore expressed as the slope increase i n i n s p i r a t o r y minute.volume (tI/kg/min) per mnHg,change.in PAC02 and PA02, r e s p e c t i v e l y . No VI measurements obtained durlng o r ~u s t p r l o r t o an AR were u t i l i z e d f o r c a l c u l a t i o n o f the response slope. A l l infants having an hypercarbic response slope < 30 met t h e c l i n i c a l c r i t e r i a f o r N-M SIDS whereas none o f the i n f a n t s w i t h hypercarbic slopes 7 40 f u l f i l l e d the c r i t e r i a .
Eleven (92%) o f i n f a n t s w i t h an hypoxic response s l o p e < 7.0 were N-M SIDS i n f a n t s whereas o n l y f i v e (22%) of the i n f a n t s w i t h a s l o p e 2 12.0 met the c l i n i c a l c r i t e r i a f o r N-M SIDS.
The presence o r absence o f an AR was determined during the same sleep i n t e r v a l i n which the hypercarbic and hypoxic v e n t i l a t o r y response slopes were measured, and w h i l e the nasal pneumotachograph was s t i l l i n place. A p o s i t i v e AR was defined as a g i t a t i o n , eye opening, o r c r y i n g which r e l a t e d t o t h e PAC02 o r PA02 achieved and which reversed upon r e t u r n t o a i r breathing. Although no attempt was made t o achieve a s p e c i f i c maximum PAC02 o r minimum PA02, a PAC02 > 50 o r PA02 5 8 0 mHq was g e n e r a l l y achieved. I f an AR occurred the s p e c i f i c PAC02 o r PA02 a t which arousal occurred was noted. I f no AR occurred, the maximum PAC02 o r minimum PA02 achieved was noted.
i Chloral Hydrate (50 mg/kg) was necessary t o f a c i l i t a t e sleep i n 15 (60%) o f the N-M SIDS and 14 (67%) o f the c o n t r o l i n f a n t s . However, t h e c h l o r a l hydrate and n a t u r a l sleep i n f a n t s d i d n o t d i f f e r i n the frequency of a p o s i t i v e AR t o e i t h e r hypercarbia o r hypoxia (chi-square analysis). Also, i n those having a p o s i t i v e AR, the mean PAC07 o r PA07 l e v e l a t which arousal occurred was n o t d i f f e r e n t i n the N-M SIDS compared t o c o n t r o l i n f a n t s ( t t e s t ) . The AR t o hypoxia and t o hypercarbia a l s o d i d n o t d i f f e r i n c h l o r a l hydrateinduced versus n a t u r a l sleep i n two i n f a n t s assessed under both sleep condit i o n s . Within the N-M SIDS and c o n t r o l groups, therefore, the c h l o r a l hydrateinc:liced and n a t u r a l sleep r e s u l t s were combined f o r analysis.
The arousal responses were analyzed q u a l i t a t i v e l y (chi-square a n a l y s i s ) according t o whether o r n o t arousal occurred. I n those having a p o s i t i v e AR, t h e r e s u l t s were a l s o analyzed according t o the actual ( q u a n t i t a t i v e ) PAC02 o r PA02 l e v e l a t which arousal occurred (Student t t e s t ) . The q u a l i t a t i v e AR r e s u l t s were analyzed i n r e l a t i o n t o the c l i n i c a l diagnosis and t o the hyperc a r b i c and hypoxic v e n t i l a t o r y response slope obtained. The frequencies of absent and of p o s i t i v e AR i n the i n f a n t s w i t h the lowest hypercarbic (< 30) and the lowest hypoxic ( < -7 ) response slopes were compared by chi-square a n a l y s i s t o the frequencies obtained i n the i n f a n t s w i t h the highest hyperc a r b i c ( 2 5 0 ) and hypoxic (3 -12) slopes. S t a t i s t i c a l s i g n i f i c a n c e was defined as p < .05. A p o s i t i v e AR t o hypercarbia was observed i n 56% o f the 45 i n f a n t s assessed, 11 N-M SIDS and 14 c o n t r o l i n f a n t s . Although the frequency of a p o s i t i v e hypercarbic AR was n o t s i g n i f i c a n t l y d i f f e r e n t i n the two groups (.05<p<.10), t h e o v e r a l l tendency ( F i g . 1A) was one o f absent AR i n t h e lowest hypercarbic v e n t i l a t o r y response slope group d e s p i t e h i g h e r achieved maximum PAC02 l e v e l s , progressing t o a p a t t e r n i n t h e highest hypercarblc response slope group o f u s u a l l y p o s i t i v e AR d e s p i t e lower maximum PAC02 l e v e l s . Among the 25 i n f a n t s w i t h a p o s i t i v e hypercarbic AR, the mean (+ SEM) PAC02 a t which arousal occurred was 48.5 + 1.6 i n the N-M SIDS versus 42 + 1.2 mHg i n c o n t r o l i n f a n t s ( p < ,007). A p o s i t i v e AR t o hypoxia was observed i n 50% o f the 40 i n f a n t s assessed. Although the PA02 a t which arousal occurred i n those having a p o s i t i v e AR was n o t s i g n i f i c a n t l y d i f f e r e n t i n the N-M SIDS versus c o n t r o l i n f a n t s (83 and 85 mmHg, r e s p e c t i v e l y ) , a p o s i t i v e AR occurred i n o n l y 29% of N-M SIDS compared t o 76% o f c o n t r o l i n f a n t s ( p < .01). The o v e r a l l tendency ( F i g . 10) was one of absent AR i n t h e lowest hypoxic v e n t i l a t o r y slope response group ( < -7.0), progressing t o a p a t t e r n i n t h e highest hypoxic response slope group o f u s u a l l y p o s i t i v e AR d e s p i t e a smaller decrease i n PA02.
I n f a n t s i n the lowest hypercarbic response slope group ( 4 30) had a s i g n i f i c a n t l y reduced frequency o f both hypercarbic and hypoxic AR (Table 1) compared t o i n f a n t s w i t h hypercarbic response s l o p e s 5 50 (p < .Dl). I n a d d i t i o n , o n l y 11% o f i n f a n t s i n the lowest hypercarbic response slope group had an hypoxic v e n t i l a t o r y response* -12 whereas 85% of those i n t h e highest hypercarbic response slope had an hypoxic response s l o p e ? -12 ( p < ,001).
I n f a n t s i n t h e lowest hypoxic response slope group ( < -7.0) had a s i g n i f i c a n t l y reduced frequency o f both hypoxic and hypercarbic AR (Table 2) compared t o i n f a n t s i n the highest ( 4 -12) hypoxic response slope group, ~~0 5 and p C .02, r e s p e c t i v e l y . I n a d d i t i o n , o n l y 8% of i n f a n t s i n the lowest hypoxic response group had an hypercarbic response s l o p e s 50 compared t o 48% among i n f a n t s i n the highest hypoxic response slope group ( p < .02).
The close i n t e r -r e l a t i o n s h i p of hypercarbic and hypoxic AR t o the corresponding response slopes i s i l l u s t r a t e d i n Fig. 2 . That i s , when i n f a n t s are c l a s s i f i e d according t o presence o r absence o f t h e hypercarbic o r hypoxic AR, the corresponding response slope i s s i g n i f i c a n t l y more abnormal when the respective AR i s absent than when present. Among a l l i n f a n t s w i t h an absent hypercarbic AR, f o r example, t h e mean hypercarbic response slope was 30 2 4.7
(SEM) compared t o 44 + 4.1 i n those having a p o s i t i v e hypercarbic AR ( p C .02).
S i m i l a r l y , i n i n f a n t s w i t h an absent hypoxic AR, t h e mean slope was o n l y -9.8 + 1.8 compared t o -18.1 + 3.1 i n those having a p o s i t i v e hypoxic AR (p=.oi).
DISCUSSION
Our study r e s u l t s demonstrate t h a t N-M SIDS i n f a n t s as a group have a s i g n i f i c a n t l y lower frequency of p o s i t i v e hypoxic AR compared t o i n f a n t s without symptomatic sleep apnea. Although n o t p r e v i o u s l y assessed i n N-M SIDS infants, an AR abnormality can be i n f e r r e d from s t u d i e s which have considered SIDS from a behavioral r a t h e r than r e s p i r a t o r y c o n t r o l perspective.
Based on the t a c t i l e -a d a p t i v e subscale o f t h e Rosenblith m o d i f i c a t i o n o f t h e Graham scale, Anderson and Rosenblith ( 1 ) assessed response t o nasal occlusion and combined nasal and o r a l occlusion, and observed lower scores i n n i n e subsequent SIDS v i c t i m s compared t o 793 normal infants.
The s i g n i f i c a n c e o f sleep s t a t e i n t h i s response t o airway occlusion was s p e c i f i c a l l y considered i n a l a t e r study (19) i n which 5510% of sleeping newborn i n f a n t s demonstrated delayed i n i t i a t i o n of mouth breathing a f t e r nasal occlusion during REM sleep, w i t h a greater p r o p o r t i o n of delayed responses a t age s i x weeks. Although no apnea was observed, they postulated t h a t such a delayed response t o airway o b s t r u c t i o n could cause hypoxia o r t r i g g e r a r e f l e x r e s u l t i n g i n f a t a l apnea.
These behavioral s t u d i e s have l e d t o the hypothesis t h a t i n f a n t s a t r i s k for SIDS may n o t have a strong b u i l t -i n response t o r e s p i r a t o r y t h r e a t s , and may n o t have y e t learned appropriate v o l u n t a r y behavior (11). It i s tempting t o speculate t h a t t h e impaired defensive rage response thus postulated by L i p s i t t (11) and the abnormal behavioral response t o airway occlusion
Previously reported (1, 19) are i n f a c t both r e l a t e d t o a deficiency i n asphyxic arousal which i s equivalent t o t h e impaired AR t o hypercarbia and/or hypoxia which we have observed i n N-M SIDS i n f a n t s . SIDS has often been associated c l i n i c a l l y w i t h nasopharyngitis. S i m i l a r t o our hypothesis t h a t the normal behavioral response t o airway occlusion during sleep i s an AR phenomenon, t h e reduction i n apnea observed i n normal i n f a n t s during c l i n i c a l nasopharyngitis ( 4 ) may a l s o be a consequence o f normal AR. The a b i l i t y of normal i n f a n t s t o respond t o nasopharyngitis w i t h a reduction i n sleep apnea whereas i n f a n t s a t increased r i s k o f SIDS may have increased apnea may thus be explained by the presence o f normal AR i n t h e former and impaired AR i n the l a t t e r . Q u a n t i t a t i v e assessments of hypercarbic and hypoxic AR have been reported i n a d u l t dogs. Defining arousal on the basis of behavioral and EEG c r i t e r i a f o r awakening, P h i l l i p s o n e t a1 have reported arousal from eucapnic hypoxia a t a r t e r i a l s a t u r a t i o n s o f 87% and 70% i n q u i e t sleep and REM, r e s p e c t i v e l y , and arousal from hyperoxic hypercapnea a t PAC02 l e v e l s of 54 and 60 mmHg, r e s p e c t i v e l y (13,14) .
There may be some species differences i n the i n t e rr e l a t i o n s h i p o f sleep s t a t e , v e n t i l a t o r y response slope and AR i n t h a t whereas REM sleep i n newborn lambs was associated w i t h i n s p i r a t o r y ribcage d e f l a t i o n and diminished v e n t i l a t o r y and arousal responses t o hypoxia, i n puppies both ribcage movement and hypoxic v e n t i l a t o r y and arousal responses were s i m i l a r i n REM and q u i e t sleep ( 7 ) .
The recent r e p o r t s of decreased AR f o l l o w i n g periods of induced sleep fragmentation (2,151 i n d i c a t e t h a t an A9 d e f i c i t can be acouired. Since the AR d e f i c i t which we have documented has been observed as e a r l y as 7-10 days o f age as w e l l as i n c l i n i c a l l y asymptomatic s i b l i n g s of SIDS v i c t i m s , we assume t h a t t h i s AR d e f i c i t i s congenital i n o r i g i n . Confirmation o f the congenital o r i g i n
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The p h y s i o l o g i c mechanism by which arousal responses t o r e s p i r a t o r y chemos t i n l u l i occur during sleep has not y e t been elucidated. A recent study i n a d u l t cats i n d i c a t e s t h a t n e i t h e r the c a r o t i d bodies nor the v e n t i l a t o r y response appear t o be involved i n arousal from sleep by hypoxia (12). I n a d u l t dogs, however, the c a r o t i d chemoreceptors appear t o have a c r i t i c a l r o l e i n ~n e d i a t i n g the arousal response t o hypoxia ( 3 ) .
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Our study was n o t designed t o i d e n t i f y t h e o r i g i n of the d e f i c i e n t chemos t i m u l i response and the AR abnormality i n N-M SlOS infants.
The concordance between diminished hypercarbic and hypoxic response slopes ( 8 ) and the concordance documented i n t h i s study between diminished v e n t i l a t o r y response slopes and s i g n i f i c a n t l y decreased frequency o f p o s i t i v e AR, however, suggest t h a t both d e f i c i t s are r e l a t e d t o a common pathologic l e s i o n w i t h i n the c e n t r a l nervous system. A d d i t i o n a l studies are necessary t o b e t t e r d e f i n e t h e c h a r a c t e r i s t i c s of i n f a n t AR and t o o b t a i n q u a n t i t a t i v e hypercarbic and hypoxic AR data i n normal infants and i n i n f a n t s a t r i s k f o r l i f e -t h r e a t e n i n g sleep apnea. It i s possible t h a t a t l e a s t some o f the p o s i t i v e AR which we observed a t r e l a t i v e l y low PAC02 o r high PA02 l e v e l s i n N-M SIDS infants ( F i g . 1) might have been r e l a t e d t o nasal s t i m u l a t i o n from t h e pneumotachograph r a t h e r than the chemostimulus. It i s a l s o possible t h a t a t l e a s t sonle o f t h e absent AR i n infants w i t h normal slope responses may have been r e l a t e d t o f a i l u r e t o achieve a s u f f i c i e n t hypercarbic o r hypoxic stimulus. Although n e i t h e r t h e v e n t i l a t o r y response slopes ( 6 ) nor the q u a l i t a t i v e arousal responses appear t o be affected by c h l o r a l hydrate, the effect o f c h l o r a l hydrate on t h e q u a n t i t a t i v e hyperc a r b i c and hypoxic AR has n o t y e t been evaluated. F i n a l l y , although a l l of our q u a l i t a t i v e AR were performed during periods o f non-REM sleep as determined by behavioral c r i t e r i a and a s t a b l e r e s p i r a t o r y p a t t e r n , sleep s t a t e EEG monitoring may be u s e f u l i n assessing q u a n t i t a t i v e arousal responses since a g r e a t e r chemostimulus may be necessary t o achieve arousal from REM than from q u i e t sleep (7, (12) (13) (14) (15) . P h i l l i p s o n EA, Kozer LF, Rebuck AS, e t a l . V e n t i l a t o r y and waking responses t o C02 i n sleeping dogs. Am Rev Resp Dis 115:251-259, 1977. P h i l l i p s o n EA, S u l l i v a n CE, Read DJC, e t a l . V e n t i l a t o r y and waking responses t o hypoxia i n sleeping dogs. J Appl Physiol: Resp, Environ, Exercise Physiol 44:512-520, 1978. P h i l l i p s o n EA, Woolf GM, Murphy E, e t a l . Schiffman PL, Westlake RE, Santiago TV, e t a l . V e n t i l a t o r y c o n t r o l i n parents of v i c t i m s o f sudden-infant-death syndrome. N Engl J Med 302: 486-490, 1980. 17. Shannon OC, K e l l y OH, O'Connell K. Abnormal r e g u l a t i o n of v e n t i l a t i o n i n i n f a n t s a t r i s k f o r sudden-infant-death syndrome. N Engl J Med 297: 747-750, 1977. 18. Steinschneider A. Prolonged sleep apnea and r e s p i r a t o r y i n s t a b i l i t y : A d i s c r i m i n a t i v e study. 
